We describe an integrated, molecular-absorbance, atomic absorption instrument for studying metal/ligand binding in clinical samples. For an interface between the "highperformance" liquid chromatograph and the atomic absorption instrument we used a flow-injection sample manipulator, thus allowing both the chromatograph and the atomic absorption detector to operate at their separate optimum conditions. After specimen separation with a gel permeation column, we measured the molecular com- 
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We describe an integrated, molecular-absorbance, atomic absorption instrument for studying metal/ligand binding in clinical samples. For an interface between the "highperformance" liquid chromatograph and the atomic absorption instrument we used a flow-injection sample manipulator, thus allowing both the chromatograph and the atomic absorption detector to operate at their separate optimum conditions. After specimen separation with a gel permeation column, we measured the molecular components of the column eluate by molecular absorbance spectrometry and the atomic components (calcium and magnesium) by flame atomic absorption spectrophotometry. This instrument system is capable of separating and analyzing multiple components within 20 mm of injection of the sample on the column. The chromatograms presented demonstrate the utility of the system for investigating metal binding to a variety of ligands in clinical samples.
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Coupling "high-performance" liquid chromatography (HPLC)4 to a specific metal detector can provide a tool for studying many metal/molecule interactions in clinically relevant samples. An initial application along these lines has been the study of copper and zinc in serum (1) . In these studies, the HPLC eluate was channeled directly into the nebulizer of the atomic absorption spectrophotometer. 
Materials and Methods

Apparatus
A diagram of the instrumentation used is shown in Figure  1 . We shall discuss the instrument in three sections: the HPLC, the FISM, and the atomic absorption detector. The HPLC comprises the manual injection valve, the buffer pumping system, the chromatographic column, the molecular absorbance spectrometer, and half of the dual-channel recorder. The FISM has four functional blocks: the timer-controlled flow-injection valve, the carrier pumping system, the mixing tee, and the lanthanum/hydrochloric acid pumping system.The aliquoted and diluted sample isdelivered tothe atomic absorption spectrophotometer which combines with half of the dual-channel recorder to make up the atomic absorption detector system. For HPLC we use a manual injection valve (Valco Instruments Co., Houston, TX 77024) with a 250-UL sample loop to apply the sample to the chromatographic column. The buffer pumping system for transporting the sample through the HPLC section has a buffer reservoir with a positive-displacement pump (Milton Roy Co., Riviera Beach, FL 33404)
coupled to a pulse-suppression dampener and delivers buffer at a flow rate of 0.4 mL/min. To separate sample components, we used a prepacked column (7.5 mm i.d. X 100 mm) con- The FISM iscenteredaround a timer-controlled flow-injection valve(apneumatic-drivenValco valvewith a timer! controller), shown in Figure 1 at the effluent of the molecular absorbance spectrometer.
The FISM iscompleted by addition of a carrier pumping system, a lanthanum/HC1 pumping system, and a mixing tee (also shown in Figure 1 ). The carrier and lanthanum/HC1 pumping systems consist of glass reservoirs, Milton Roy pumps, and pulse suppressors. 
Reagents
The eluent buffers each contained, per liter, 130 mmol of NaC1, 6.8 mmol of NaOH 
Procedures
The calcium and magnesium procedure with the automatic dilution with La203/HC1 solution by the FISM is similar to that reported by Ladenson and Davis (12) . The only modification is a change in dilution ratio, necessitated by the HPLC column dilution of the sample before the FISM dilution with La203/HC1.
The colorimetric assays used for protein and albumin determination on the column fractions with the centrifugal analyzer were biuret (13) and bromcresol green (14, 15) 
Results and Discussion
We chosefirst to determinethe transient signalresponse that would result at the atomic absorption detector when the FISM injected and diluted an 11 -L sample. Illustrated by Figure 2 are the transient response atomic absorption signal forcalcium, the point at which theFISM valvecycles (theleft as the recorder output of the atomic absorption spectrophotometer for a single 11-zL injection of column effluent peak tails fora few secondsbut approximatelyreachesthe baseline 10-li s after the peak maximum. We concludedthat a total cycle time for the FISM oflOs would provideminimum carryoverwith maximum chromatographictime resolution of the metal peaks. Figure 2 also shows an integration period (21s), which we usedto enhance thedetector sensitivity with much longer columns, In an effort to determine the sensitivity oftheatomicabsorption instrument with respect to its use as a chromatographic detector, we studied the effect of measuring the peak height vs the peak area of the transient response atomic absorption signal. of the atomic absorption detector to chromatographic columns having sample dilutions of 1 to 50 or even as high as 1 to 100. The relative precision (CV) of both of the8e curves is equivalent: 1.2%forcalciumat 1.25mmol!L, and 1.8% for magnesium at 0.4 mmol/L (n = 10 each).The typical precision for the FISM/atomic absorptionapproach isdetailed in Table 1 for different sample concentrations ofcalciumand magnesium as aqueous standards or in three serum pools. To find out whether the HPLC/FISM/atomic absorption system couldseparateand detectdistinct metal species, we tried a simpleseparation ofbound and freeforms ofcalcium and magnesium.
The TES buffer containing no added calcium ormagnesium was used asthe column eluent. mmol of sodium citrate. Two distinct calcium peaks were observed. The first calcium peak (peak A) elutedwellbefore the Vt and was identified as citrate-bound calcium by comparison with the chromatogram from an aqueous solution of only calcium and magnesium, which had only the second calciumpeak (peakB). This indicates that the second peak, which shows an elution volume equivalent toV5,was probably free calcium. The measurement of magnesium simultaneously with the above calcium measurements also resulted in two peaks; again, one peak appeared to be associated with citrate-bound magnesium, and the other was probably free magnesium.
These peaks were detected at retention times identical to those for calcium. To determine whether protein-associated calcium and magnesium could be separated from the free and citratebound metals and be detected with this system, we applied to the HPLC column an aqueous solution of serum albumin (40.0 gIL) containing 2.5 mmol of calcium, 0.82 mmol of magnesium, and 1.8 mmol of sodium citrate per liter. We found, by comparing studies of separations with and without calcium or magnesium in the TES buffer system (data not shown), that the citrate was present in sufficient concentration to remove the calcium and magnesium associated with the albumin. With the metals in the buffer, three peaks resulted; without the metals, only two peaks were detected. Therefore, to detect the metals associated with albumin, we added both calcium and magnesium to the TES buffer. Figure 5 illustrates the results of the separation for calcium. This figure shows two chromatograms:
calcium and albumin (fractions were collected and analyzed with the bromcresol green method on the centrifugal analzyers to allow specific identification of the albumin as described in Materials and Methods).
The calcium (top) chromatogram has three peaks identified as follows: The first calcium peak (peak A) was detected with the albumin peak and thus represents calcium bound to albumin. The second calcium peak (peak B) was probably citrate-bound calcium-a solution of citrate and calcium run separately showed only a peak with this elution volume. The peak C was free calcium, again based on analysis of an aqueous solution of calcium chloride, which showed only one calcium peak with this elution volume. The dip between peaks B and C is a characteristic of any aqueous solution run through the instrument, and represents a relative diminution of calcium in that elution volume (water alone applied to the system showed a corresponding dip of similar magnitude and elution volume). A similar separation pattern was observed for the magnesium species in the same solution.
The ability to measure metal speciation with respect to biological ligands is of emerging importance in clinical samples. Among the recently published papers with this general intent are those of Dawson et al. (17) , who measured copper and zinc associated with various binding ligands in human plasma; Van Loon et al. (1) , who measured copper speciation in serum samples during chelation treatment for metal poisoning; and Toffaletti et al. (18) , who looked at the calcium distribution among serum proteins. The metal speciation information should be applicable to a wide variety of clinical situations, including the essential status of metal species such as calcium and copper in normal individuals, metal species in cases of metallic poisoning, monitoring of therapy for metal poisoning, and monitoring of therapeutic side effects such as the free calcium decrease routinely seen with plasmapheresis (19) . The interface of the HPLC to atomic absorption presented here should greatly enhance the information gathering necessary in studying some of these clinically interesting situations. Certainly, the ability to monitor major metal species in clinical samples will have investigative usefulness even if its clinical utility is limited.
In conclusion, this automated flow-injection sample manipulator is capable of diluting HPLC-column eluates and delivering them to an atomic absorption detector instrument. This interface allows virtually simultaneous separation via the HPLC and detection of metal species via atomic absorption, and does not compromise the performance of either the HPLC or the atomic absorption instrument.
